In recent decades, pathogenic fungi have become a serious threat to human health, leading to major efforts aimed at characterizing new agents for improved treatments. Promising in this context are antimicrobial peptides produced by animals and plants as part of innate immune systems. Here, we describe an antifungal defensin, NaD1, with activity against the major human pathogen Candida albicans, characterize the mechanism of killing, and identify protection strategies used by the fungus to survive defensin treatment. The mechanism involves interaction between NaD1 and the fungal cell surface followed by membrane permeabilization, entry into the cytoplasm, hyperproduction of reactive oxygen species, and killing induced by oxidative damage. By screening C. albicans mutant libraries, we identified that the high-osmolarity glycerol (HOG) pathway has a unique role in protection against NaD1, while several other stress-responsive pathways are dispensable. The involvement of the HOG pathway is consistent with induction of oxidative stress by NaD1. The HOG pathway has been reported to have a major role in protection of fungi against osmotic stress, but our data indicate that osmotic stress does not contribute significantly to the adverse effects of NaD1 on C. albicans. Our data, together with previous studies with human beta-defensins and salivary histatin 5, indicate that inhibition of the HOG pathway holds promise as a broad strategy for increasing the activity of antimicrobial peptides against C. albicans.
T
he yeast Candida albicans represents the most common cause of fungal infection in humans. This organism is commensal but can become pathogenic in immunocompromised individuals, causing serious life-threatening disease from which mortality can reach up to 40% (1) (2) (3) . Relatively few options exist for treatment of systemic fungal disease, and the emergence of resistance is limiting these options further. This has created a need for new antifungal drugs (4) . In this context, antimicrobial peptides represent a promising avenue (5) .
Antimicrobial peptides are abundant throughout nature. They are generally small, cationic peptides that are components of the innate immune system in many organisms. They are part of the first line of defense against pathogens, including bacteria, viruses, and fungi, and operate by a range of diverse mechanisms (6, 7) . Many of these peptides act solely by disrupting target membranes (8) . However, more complicated mechanisms also exist, involving uptake into the cytoplasm and action within the target cell (9) . In the case of fungal pathogens, several antimicrobial peptides have been investigated for inhibitory activity, including human betadefensins, histatin 5, LL-37, and plant defensins (10) (11) (12) . The mechanisms by which these polypeptides act against C. albicans vary considerably. Salivary histatin 5 induces fungal cell death via the release of cellular ATP and activation of P2X receptors (13) , in a process that involves an interaction with cell wall proteins (14) and a potassium channel (15) . Human beta-defensins display some shared mechanisms with histatin 5, yet synergy between some beta-defensins and histatin 5 indicates that not all targets are shared (16) . The human cathelicidin LL-37 acts via disruption of the plasma membrane. Treatment of C. albicans with LL-37 causes fragmentation of the plasma membrane into vesicle-like structures and release of intracellular molecules (17) . For a review of the mechanisms of action of naturally occurring antifungal peptides, see the work of van der Weerden et al. (18) .
Our interest is in plant defensins that target fungal pathogens. Plant defensins are numerous and represent an excellent alternative to conventional antifungal therapies. These peptides are small (ϳ5-kDa), basic proteins which are expressed in many plant tissues, including seeds, leaves, flowers, and fruit (19) . They have a highly conserved structure consisting of an ␣-helix and three ␤-strands that are linked by three disulfide bonds (19, 20) . This stable structure is strengthened by a fourth disulfide bond that connects the N and C termini, forming a pseudocyclic backbone (19) . The three-dimensional structure of plant defensins shares similarities with those of human and insect defensins (5, 19, 20) . Despite this conserved structure, defensins have a wide variety of biological functions, and even those with antifungal activity have different mechanisms of action (7) . RsAFP2, a defensin from radish, induces cell wall stress and septin mislocalization (21) as well as metacaspase-independent cell death (22) . HsAFP1, from Heuchera sanguinea, also induces cell death through a mechanism that is dependent on the presence of functional mitochondria (23) . Lipid binding is a crucial step in the activity of some defensins. RsAFP2 from Raphanus sativus and DmAMP1 from Dahlia mer-ckii interact with sphingolipids (24, 25) , whereas PsD1 from Pisum sativum binds to phosphatidylcholine (26) . PvD1, from Phaseolus vulgaris, induces reactive oxygen and nitrogen oxide production as well as permeabilization of the fungal membrane (27) . New defensins are being identified regularly, and the diversity of biological phenomena associated with their activity continues to expand. Understanding the mechanism by which these molecules act to inhibit fungal growth is essential to their development as antifungal therapeutics.
We have reported that the plant defensin NaD1, which is produced in the flowers of the ornamental tobacco Nicotiana alata (28) , has potent antifungal activity against a number of filamentous fungal pathogens that have a severe impact on important agricultural crops (29) . In the current study, we have examined the effects of NaD1 on the growth and survival of a major human pathogen, the yeast C. albicans. We show that NaD1 is internalized into C. albicans cells and that it exhibits fungicidal activity at least in part through an oxidative mechanism involving reactive oxygen species (ROS) production. We further show that the highosmolarity glycerol (HOG) stress response pathway functions in fungal protection against NaD1, suggesting that modulation of this pathway might represent a means to augment the efficacy of NaD1 activity against C. albicans.
MATERIALS AND METHODS
Protein sources. NaD1 was extracted from Nicotiana alata flowers based on the method described in reference 29. DmAMP1 was expressed using the methylotrophic yeast Pichia pastoris. A DNA fragment encoding the mature DmAMP1 along with a XhoI restriction endonuclease site and a KEX2 cleavage site at the 5= end and a NotI restriction endonuclease site and a stop codon at the 3= end was purchased from Genscript for cloning into the pPIC9 vector. The STE13 protease site between the KEX2 cleavage site and the mature protein was removed to prevent the addition of GluAla repeats at the N terminus of DmAMP1. An alanine was added to the N terminus to ensure efficient cleavage by KEX2. DNA was then inserted into the pPIC9 plasmid via the XhoI and NotI restriction sites by standard protocols. The pPIC9 plasmid containing the gene of interest was linearized using the SalI restriction enzyme. Electrocompetent P. pastoris GS115 cells (Invitrogen) were prepared as described by Chang et al. (30) , and linearized DNA was transformed into these cells using standard protocols. DmAMP1 was then expressed in buffered minimal medium according to the manufacturer's instructions and purified via cation-exchange chromatography and reverse-phase high-performance liquid chromatography (RP-HPLC). The protein concentration was determined using the bicinchoninic acid (BCA) protein assay (Pierce).
Fungal strains. The libraries of C. albicans homozygous, transposon insertion mutants in genes affecting cell wall synthesis and structure, kinases, and transcription factors were from the Mitchell laboratory and are described in references (31 to 33). The mutants were constructed in the C. albicans strain background BWP17 (ura3::imm434/ura3::imm434 iro1/ iro1::imm434 his1::hisG/his1::hisG arg4/arg4). The mutant in the HOG1 kinase is a homozygous deletion mutant (31) . The libraries were obtained from the Fungal Genetics Stock Center (FGSC). Cryptococcus and Aspergillus strains were obtained from Dee Carter (The University of Sydney, Australia) and were as follows: Cryptococcus neoformans var. grubii H99, Cryptococcus neoformans var. neoformans JEC20 and JEC21 (isogenic strains differing in mating type; JEC20 is MATa and JEC21 is MAT␣), Cryptococcus gattii WM276 (molecular type VGI) and R265 (molecular type VGIIa), Aspergillus niger 5181, and Aspergillus flavus 5310. All Saccharomyces cerevisiae experiments were performed in the haploid BY4741 (MATa his3⌬1 leu2⌬0 met15⌬0 ura3⌬0) background. The standard condition for growth of yeast strains was growth in yeast extract-peptonedextrose (YPD) at 30°C with constant shaking (250 rpm). For C. albicans mutant strains, YPD was supplemented with 80 g/ml uridine. For the growth of Aspergillus strains, spores were added to half-strength potato dextrose agar (PDA; Becton, Dickinson) and grown at room temperature for 14 days.
For construction of complemented C. albicans strains, the HOG1 and PBS2 open reading frames plus promoter and terminator regions were amplified from genomic DNA of wild-type C. albicans (BWP17 strain background) and were cloned into the pDDB78 plasmid and integrated at the HIS1 locus of the respective mutant strains. As the control, an empty pDDB78 vector was integrated into the mutant genomes, to restore His1 prototrophy. For the library screens, the wild-type strain was DAY286 (ARG4 ϩ URA3 ϩ his1 Ϫ ), which was matched for markers with the library mutants, whereas the complemented strains and HIS1 ϩ mutants were tested against the DAY185 reference strain (ARG4 ϩ URA3 ϩ HIS1 ϩ ). Primers for amplification of PBS2 were TTCACACAGGAAACAGCTAT GACCATGATTACGCCAAGCTTAAAACAGTTTCTAAATAGTCTG and TCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGG TCGAATTAATTAGACGTGTT.
The HOG1 gene was amplified using the primers TTCACACAGGAAA CAGCTATGACCATGATTACGCCAAGCTCTTAAAGATTCATCCAA TGATGG and TCGACCATATGGGAGAGCTCCCAACGCGTTGGATG CATAGCAGAAGACAATCTTTTGAACTAT.
Preparation of S. cerevisiae [rho 0 ] cells was based on the procedure outlined in reference 34. Briefly, BY4741 cells were cultured in 5 ml YPD with 20 g/ml ethidium bromide at 30°C in the absence of light for 3 days. Cells were plated on YPD agar. Respiratory deficiency was confirmed by lack of growth on the nonfermentable carbon source glycerol.
Growth inhibition and survival assays. For C. albicans growth inhibition assays, cells were grown in YPD overnight (30°C, 250 rpm). Cells were counted using a hemocytometer and diluted to 5,000 cells/ml in half-strength potato dextrose broth (PDB; Becton, Dickinson). Diluted cells (80 l) were added to the wells of a microtiter plate along with 20 l of protein solution to give a 0 to 10 M final concentration. Growth of cells was monitored by measuring absorbance at 595 nm in a SpectraMAX M5e plate reader (Molecular Devices), using a 9-well scan. Measurements were taken at t ϭ 0 and t ϭ 24 h during incubation at 30°C. For testing activity of NaD1 in serum or in the presence of ascorbate, the C. albicans DAY185 strain was used, and activity was tested in the presence or absence of 5% fetal calf serum (FCS) or 50 mM sodium ascorbate. For testing of activity at 37°C, the method was performed as described above but with 24 h of incubation at 30°C or 37°C. S. cerevisiae assays were performed using a similar protocol with an optical density at 600 nm (OD 600 ) of 0.01 (approximately 3 ϫ 10 5 cells/ml). For Cryptococcus inhibition assays, cells were grown overnight in YPD (30°C, 250 rpm). Cells were counted with a hemocytometer and diluted to 1.5 ϫ 10 6 cells/ml in half-strength PDB. The rest of the method was performed as described above.
For Aspergillus growth inhibition assays, spores were collected from PDA plates by flooding them with 20 ml half-strength PDB. The medium was removed from the plate, and the spore suspension was spun at 14,000 rpm for 15 min and resuspended in approximately 1 ml of half-strength PDB. Spores were counted using a hemocytometer and diluted to 5 ϫ 10 4 spores/ml with half-strength PDB. The remainder of the method was performed as described above.
For survival assays, C. albicans DAY185 overnight cultures were diluted to an OD 600 of 0.2 in half-strength PDB (10 ml) and incubated for 5 h (30°C, 250 rpm). Cells were then diluted to an OD 600 of 1.0 and treated with NaD1 (2, 3.5, 5, 10, 20, and 50 M) for 15 min (30°C, 250 rpm). Survival was determined by counting CFU of 1/1,000 and 1/10,000 dilutions after overnight growth on YPD plates at 30°C. For sorbitol survival assays, cells were pretreated for an hour with 1 M sorbitol in half-strength PDB (30°C, 250 rpm).
Labeling of NaD1 with BODIPY fluorescent tag. NaD1 was labeled with BODIPY-FL-EDA (Life Technologies) essentially as described in ref-erence 35. Briefly, NaD1 (1 mM) and BODIPY-FL-EDA (10 mM) were dissolved in 0.1 M MES buffer (2-morpholinoethanesulfonic acid, pH 4.5; Amresco), together with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; Sigma; 2 mM). The solution was incubated at room temperature for 2 h. Insoluble material was removed by centrifugation at 13,000 rpm for 10 min before excess BODIPY-FL-EDA and EDC were removed using a 3,000-molecular-weight-cutoff (MWCO) Vivaspin 500 column (Sartorius). The protein concentration was determined using the BCA protein assay (Pierce).
Confocal microscopy of BODIPY-labeled NaD1 and DHR 123. C. albicans DAY185 overnight cultures were diluted to an OD 600 of 0.1 in half-strength PDB, and cells were treated with 5 M propidium iodide (PI; Sigma) for 10 min prior to visualization. For the BODIPY-NaD1 experiments, 10 M labeled NaD1 was added. For the dihydrorhodamine 123 (DHR 123; Molecular Probes) experiments, the probe was added at a 25 M concentration along with native NaD1. Cells were monitored using a Zeiss LSM510/ConfoCor confocal microscope with argon and diode-pumped solid-state (DPSS) lasers. BODIPY or DHR 123 was excited at 488 nm, and emission was detected at 505 to 530 nm. PI was excited at 561 nm, and fluorescence was monitored at 575 to 615 nm. Images were captured using Zen2009 (Zeiss) software and analyzed using FIJI. Brightness and contrast for Fig. 3A were adjusted using the auto-brightness/ contrast function of FIJI.
Screen of C. albicans mutant libraries. C. albicans mutants were inoculated into YPD (100-l cultures in microtiter plates) and grown overnight, at 30°C with constant shaking (250 rpm). Cells were then added to half-strength PDB (100 l) to a concentration of about 5,000 cells/ml (1/20,000 dilution from overnight culture). NaD1 (in water) was added to a 2 M or 5 M final concentration. Plates were incubated for 24 h at 30°C, and growth was monitored by measuring OD 595 using a Spectra-MAX M5e plate reader (Molecular Devices). Growth of mutants was compared to that of no-protein controls. The screen was repeated three times, and positive hits were confirmed by using growth inhibition assays, as described above.
Detection of HOG1 phosphorylation in response to NaD1. Overnight cultures of C. albicans DAY185 and hog1⌬/⌬ cells were diluted to an OD 600 of 0.2 in half-strength PDB and grown for 5 h at 30°C (250 rpm). Cells were then diluted to an OD 600 of 1.0, and 10 ml of the cell suspension was treated with NaD1 (10 or 20 M) or 1 M NaCl for 5, 10, or 15 min. Cells were pelleted by centrifugation (3,000 rpm, 5 min) and washed in 500 l of cold Milli-Q water. The pellets were frozen with liquid nitrogen. Trichloroacetic acid (TCA; 20%, 100 l) was added to the frozen pellet, and cells were disrupted by vortexing in the presence of glass beads. Glass beads were washed further with 500 l 10% TCA. Precipitated proteins were pelleted by centrifugation at 14,000 rpm (5 min), and then the pellet was washed with 1 ml ice-cold acetone. Proteins were separated on BioRad AnyKD mini-Tris-glycine gels and transferred to polyvinyl difluoride (PVDF) membranes. Membranes were probed with phospho-p38 mitogen-activated protein kinase (MAPK) (Thr180/Tyr182) (Cell Signaling) or HOG1 (y-215) (Santa Cruz Biotechnology) antibodies that had been diluted 1/200 in 5% skim milk in Tris-buffered saline-Tween (TBST) at 4°C, overnight. After washing, the membranes were incubated overnight at 4°C with the secondary antibody (enhanced chemiluminescence [ECL] anti-rabbit IgG linked to horseradish peroxidase; GE Healthcare; 1/20,000 dilution). Detection was with ECL detection reagent (GE Healthcare) with a Bio-Rad ChemiDoc MP imaging system. Hog1 levels were quantified using Bio-Rad Image Lab 3.0, and levels of phosphorylated Hog1 were calculated relative to total Hog1 levels.
ROS and NO production. An overnight culture (10 ml) of C. albicans DAY185 was diluted to an OD 600 of 0.2 in half-strength PDB and grown to an OD 600 of 1.0 (30°C, 250 rpm) before cells were diluted again to an OD 600 of 0.1. Cells (200 l) were incubated for 1 h (30°C, shaking, in the dark) with DHR 123 (for assaying ROS production) or DAF-FM (for assaying nitric oxide [NO] production). Both compounds were from Molecular Probes and were used at a 25 M concentration. DHR 123 is a nonfluorescent molecule which can diffuse into the cell and is oxidized to fluorescent rhodamine 123. DAF-FM diacetate is also nonfluorescent and cell permeant and becomes fluorescent after reaction with nitric oxide. The use of these probes to detect ROS and NO production in yeast has previously been described in reference 36. In order to gain sufficient cell numbers for flow cytometry analysis, 10 6 cells/ml were used. NaD1 was added 15 min prior to flow cytometry. Cells were analyzed using a BD FACSCanto II cytometer with excitation at 488 nm and emission detected using a 530/30 filter. Data were analyzed using Weasel v3.0 (Walter and Eliza Hall Institute).
Similarly, S. cerevisiae cultures were incubated overnight in YPD and diluted to an OD 600 of 0.05 in half-strength PDB, with and without 25 M DHR 123 or DAF-FM, and incubated for 45 min at 30°C with shaking and protection from light. Further preparation and flow cytometry analysis were performed as outlined for C. albicans above.
RESULTS
NaD1 displays antifungal activity against the yeasts Candida albicans, Saccharomyces cerevisiae, and Cryptococcus species. To find conditions under which NaD1 displayed antifungal activity against yeasts, we tested several media (PDB, half-strength PDB, and YPD). Consistent with our previous report, NaD1 had a 50% inhibitory concentration (IC 50 ) of Ͼ10 M against C. albicans in YPD (29) ; however, it displayed strong antifungal activity against both C. albicans and S. cerevisiae in half-strength PDB medium at 30°C. In half-strength PDB, NaD1 inhibited the growth of C. albicans with an IC 50 of 2.3 Ϯ 0.6 (Fig. 1A) ; in full-strength PDB, the IC 50 was 3.6 Ϯ 0.2 M. Similar growth inhibition by NaD1 was also observed for the model yeast S. cerevisiae (Fig. 1B) . Moreover, NaD1 displayed activity against C. neoformans and C. gattii strains at low-micromolar concentrations (Table 1) . To broaden our understanding of the antifungal properties of NaD1, we further tested its activity against Aspergillus niger and A. flavus. NaD1 inhibited the growth of A. niger with an IC 50 of 2.06 M but was significantly less effective against A. flavus, with an IC 50 greater than 10 M ( Table 1 ). The inhibitory activity of NaD1 against A. niger is consistent with our previously reported finding that NaD1 has antifungal activity against Aspergillus nidulans (29) .
Further characterization of NaD1 activity was performed using C. albicans. To test whether the effects of NaD1 were cytotoxic, we incubated C. albicans with NaD1 for 15 min at increasing concentrations and determined cell viability. NaD1-treated cells lost viability when plated on YPD, suggesting that NaD1 is fungicidal, rather than fungistatic (Fig. 1C) . After 15 min of treatment with 15 M NaD1, only 50% of the C. albicans DAY185 cells remained viable. The higher IC 50 in cell survival assays is due to a higher initial cell density (3,000 times) used than the cell density in growth inhibition assays. We next tested two conditions which are relevant in the human host: the presence of serum and temperature of 37°C. NaD1 retained activity against C. albicans in the presence of 5% serum, although the IC 50 was higher than that in the no-serum controls (the IC 50 of 2.3 M in the absence of serum increased to approximately 6 M following addition of serum) (Fig. 1D) . NaD1 retained activity at 37°C (Fig. 1E) .
To study the interaction of NaD1 with C. albicans cells, we labeled the defensin with BODIPY and examined its location in treated cells using confocal microscopy. NaD1 accumulated on the surface of C. albicans cells after 5 min (Fig. 2A) . At this stage the cells were viable, as assessed by a lack of propidium iodide (PI) fluorescence. After 20 min of treatment, BODIPY-labeled NaD1 had entered the cytoplasm, and at that stage PI had also entered the cells, indicating that the integrity of the plasma membrane had been compromised (Fig. 2B) . Thus, NaD1 interacts with the fungal cell surface before it disrupts the plasma membrane and enters the cytoplasm, killing the cell.
Treatment of C. albicans with NaD1 results in ROS and NO production and oxidative killing. Many antimicrobial peptides have been reported to act via membrane disruption, but there are increasing reports of peptides that induce cell death by stimulating production of reactive oxygen species (ROS) (27, 29, 37, 38) . Moreover, hydrogen peroxide-induced oxidative stress has been linked to production of nitric oxide (NO) during apoptosis-like cell death in yeast (36) , and the plant defensin PvD1 has been shown to induce NO production by fungi (27) . Therefore, we tested whether ROS and NO generation is part of the mechanism that NaD1 employs against C. albicans. First, production of ROS was monitored by confocal microscopy using the fluorescent dye DHR 123. ROS production was evident 20 min after NaD1 treatment, and this ROS production occurred only in cells with compromised plasma membranes (PI positive) (Fig. 3A) . Production of ROS and NO was also monitored by flow cytometry using the fluorescent dyes DHR 123 and DAF-FM, respectively. Treatment of C. albicans (OD 600 of 0.1) with NaD1 resulted in a dose-dependent increase in ROS and NO levels, ranging from 22% ROSpositive cells at 5 M NaD1 to 81.2% and 88.6% at 10 M and 20 M, respectively. Few cells produced NO at 5 M NaD1. However, after exposure to 10 and 20 M NaD1, 62.9% and 88.2% of cells, respectively, had produced NO (Fig. 3B and C) . Under these conditions, cell survival after 10 min of exposure to NaD1 was 70% at 5 M, 25% at 10 M, and 10% at 20 M NaD1 (Fig. 3C) . To test the link between ROS production and NaD1-induced cell death, we asked whether the antioxidant ascorbate could rescue C. albicans from the effect of NaD1. Ascorbate treatment helped protect C. albicans from the adverse effects of NaD1 treatment, increasing the IC 50 by about 2-fold, from 2.3 to 5 M (Fig. 4) . The respiratory chain in the mitochondrial inner membrane is the main site of ROS production. To further probe these connections, we used the model yeast S. cerevisiae, which, unlike C. albicans, is petite positive and allows for inactivation of mitochondrial respiratory activity by deletion of the mitochondrial genome, thus creating the so-called [rho 0 ] mutants. The [rho 0 ] mutant of S. cerevisiae was more resistant to NaD1 than were the wild-type cells with proficient mitochondrial respiration (Fig. 5A) , and there was less NaD1-induced ROS production in [rho 0 ] mutant cells than in the wild type at a 4 M concentration of NaD1 (Fig. 5B and C) . These data further strengthen the link between NaD1 and oxidative damage. We note that at 6 M NaD1, a concentration almost fully inhibitory for growth, the petite mutant was not more resistant than the wild type, indicating that NaD1 has effects additional to induction of ROS production.
The C. albicans Hog1 pathway is required for protection against NaD1. To further understand how NaD1 acts on C. albicans cells, we screened several C. albicans mutant libraries for sen-
FIG 1 Antifungal activity of NaD1. (A and B) Growth inhibition of C. albicans

DAY185 (A) and S. cerevisiae BY4741 (B) at various concentrations of NaD1, relative to a no-protein control at 30°C. Error bars represent standard errors of the means (n ϭ 3). (C) Cell survival of C. albicans DAY185 treated with various concentrations of NaD1 for 15 min, relative to a no-protein control. Error bars represent standard errors of the means (n ϭ 3). (D) NaD1 activity on C. albicans in the presence of 5% fetal calf serum compared to a serum-free control (30°C). Error bars represent standard errors of the means (n ϭ 3). (E)
Growth inhibition of C. albicans DAY185 by NaD1 at 30°C and 37°C. NaD1 was added at various concentrations, relative to a no-protein control. Error bars represent standard errors of the means (n ϭ 3). sitivity or resistance to the defensin. The libraries consisted of mutants in kinase, transcription factors, and cell wall (synthesis and structure) genes, all of which were constructed by the Mitchell laboratory (31-33), and obtained from the Fungal Genetics Stock
Center. Most of the mutants in the kinase and cell wall libraries and some mutants in the transcription factor library were represented by two independent disruption clones per gene. Only genes for which both clones showed altered sensitivity were scored as positive. Positive hits from the library screen were tested further in several repeat experiments to confirm the altered sensitivity to NaD1 and to obtain IC 50 s. The mutants that were reproducibly resistant or sensitive to NaD1 in the growth inhibition assays were confirmed as hits and are listed in Table 2 . Mutants lacking Hog1 or its upstream kinase Pbs2, which both act in the HOG pathway, were most sensitive to NaD1 in the growth inhibition assays, with IC 50 s of 0.8 M and 1.0 M, respectively (the IC 50 of the wild type was 2.3 M). Importantly, complementation of the mutants with wild-type PBS2 or HOG1 genes led to restoration of the wild-type phenotype (Fig. 6 ). In addition to NaD1, the hog1 and pbs2 mutants were also more sensitive to another plant defensin, DmAMP1 ( Table 2 ). The only reproducibly resistant strain identified was a mutant lacking the putative bZIP transcription factor encoded by orf19.6845 (IC 50 of 4.2 M [ Table 2 ]). The orf19.6845 mutant was resistant to NaD1, but not to DmAMP1, suggesting that NaD1 and DmAMP1 act by different mechanisms (Table 2 ). Our data indicated that NaD1 interacts with the surface of C. albicans cells prior to entering the cells and causing cell death (Fig.  2) . Also, a recent study found that the plant defensin RsAFP2 causes cell wall stress (21) . Collectively, this evidence prompted us to test more directly the involvement of the MKC1 gene in NaD1 tolerance. MKC1 encodes the downstream kinase of the protein kinase C (PKC)-dependent cell wall integrity (CWI) pathway and has also been shown to be phosphorylated in a Hog1-dependent manner in response to oxidative stress (39) . The mkc1 mutant was not sensitive to NaD1. However, it was sensitive to DmAMP1, with an IC 50 of approximately 0.3 M (compared to 0.8 M for the wild type [ Table 2 ]), again suggesting that these two defensins act by different mechanisms.
To further probe the involvement of the Hog1 pathway in the response of C. albicans to NaD1, phosphorylation of Hog1 was monitored after treatment of cells with NaD1 (Fig. 7) . The HOG pathway is the main stress-responsive pathway that protects fungi from osmotic stress (40) , and therefore, as a positive control, we also measured Hog1 phosphorylation after treatment with 1 M NaCl. Hog1 was phosphorylated as early as 5 min after treatment with 10 M NaD1, although to a lesser extent than that in response to 1 M NaCl. Treatment with 20 M NaD1 led to about 2-fold-more phosphorylation of Hog1 than that observed with 10 M NaD1.
Our observations that NaD1 induces ROS production and oxidative killing (Fig. 3 and 4) are consistent with the known role for the HOG pathway in response to oxidative stress in C. albicans (41) . However, the core role of the HOG pathway in all tested fungal species is the response to osmotic stress (40, 42) . Therefore, to test if NaD1 activation of the HOG pathway was generated by osmotic stress, we asked if NaD1 toxicity could be rescued by pretreatment with sorbitol. This approach has been used previously to link the effects of the antimicrobial peptide histatin 5 to osmotic stress in C. albicans (43) . As illustrated in Fig. 8 , we found that pretreatment with sorbitol had no protective role against NaD1-dependent growth inhibition. These data suggest that osmotic stress is unlikely to contribute in a significant manner to the activity of NaD1 against C. albicans.
DISCUSSION
In this report, we show that the plant defensin NaD1 has fungicidal activity against the human pathogen C. albicans and is also active against other important human pathogens, namely, C. neoformans and C. gattii. The antifungal activity of NaD1 was comparable to that of other plant defensins and antimicrobial peptides. In this study, we found that both NaD1 and DmAMP1 inhibit the growth of C. albicans at low-micromolar concentrations. Previous studies with DmAMP1 show the IC 50 to be approximately 2 M against S. cerevisiae (44). This activity is on par with the activity of NaD1 against this yeast. The potency of the antifungal activity of NaD1 against C. albicans is also comparable to those of the peptides histatin 5, LL-37, and human beta-defensin 2. Although it is difficult to directly compare the exact IC 50 s because of differences in experimental conditions (most notably fungal cell densities and times of treatment), histatin 5, LL-37, beta-defensin 2, and NaD1 are all fungicidal against C. albicans at lower micromolar concentrations. For example, histatin 5 and 
FIG 6
The function of Pbs2 and Hog1 in protection of C. albicans against NaD1. The C. albicans pbs2 Ϫ/Ϫ and hog1⌬/⌬ mutants were three times more sensitive to 1.25 M NaD1 treatment than was wild-type DAY185, and the phenotypes were complemented by reintroduction of wild-type PBS2 and HOG1 genes into the respective mutants. Percent growth was calculated based on growth of no-protein controls. Error bars represent standard errors of the means (n ϭ 3). LL-37 were shown to kill 50% of C. albicans cells at concentrations less than 10 M, after treatment for 1 h (17). Human beta-defensin 2 is able to kill 50% of C. albicans cells with a 1 M treatment for 3 h (45), and NaD1 is able to kill 50% of cells with a 15 M treatment for only 15 min (this study).
Following binding to the cell surface of C. albicans, NaD1 permeabilizes the membrane and is internalized into fungal cells, causing killing by a mechanism that, at least in part, depends on oxidative damage. These results in C. albicans parallel our data with NaD1 activity against the filamentous pathogen Fusarium oxysporum. NaD1 is fungicidal against F. oxysporum, permeabilizes hyphae, enters into the cytoplasm of cells, and induces ROS (29) . Collectively, these data indicate that NaD1 is active against both filamentous and yeast pathogens, with a conserved mechanism. In addition to NaD1, other plant defensins (RsAFP2, HsAFP1, and PvD1) also kill C. albicans by oxidative damage related to induction of ROS and NO production (23, 27, 38) , as do other antimicrobial peptides (for example, histatin 5) (37), suggesting that this is a broad mechanism of action for antifungal compounds.
NaD1 does not disrupt artificial liposomes, indicating that it does not cause membrane permeabilization via a canonical mechanism that involves nonspecific insertion into the membrane (35) . In F. oxysporum, perturbation of cell wall integrity by treatment with proteinase K or ␤-glucanase inhibited permeabilization of the cells and killing by NaD1 (35) . Our data suggest that, as in F. oxysporum, interaction of NaD1 with the surface of C. albicans cells precedes membrane permeabilization and killing. That is, the defensin concentrates on the cell surface, before the plasma membrane is disrupted, as evidenced by the lack of propidium iodide fluorescence at this first stage of the interaction (Fig. 1E) . In this study, we have screened a cell wall mutant library of C. albicans, which contains mutants in genes encoding several cell wall proteins, as well as genes with functions in cell wall biogenesis and remodeling, such as chitinases, mannosyltransferases, glucosyltransferases, and glycosidases (33) . Given the link between NaD1 and cell walls, it was surprising to find no NaD1-resistant or NaD1-sensitive strains in the cell wall mutant collection. Our previous observations that proteinase K treatment protected F. oxysporum hyphae from the toxic effects of NaD1 led to the hypothesis that a cell wall protein was acting as a receptor for NaD1 (35) . None of the cell wall protein mutants in the C. albicans collection were resistant to NaD1 treatment, but the library was not inclusive of all cell wall proteins. The complete list of the cell wall mutants in the library can be downloaded as an Excel file from the Fungal Genetics Stock Center website at http://www.fgsc.net. Our screen suggests that the cell wall proteins for which mutants were present in the library (33) are not receptors for NaD1 on C. albicans cells, but it is also possible that several cell wall proteins are involved and that an effect will not be observed by single gene disruptions. Further studies will be required to identify the receptor for NaD1 on fungal cell walls, including biochemical approaches. Another plant defensin, RsAFP2, which interacts with glucosylceramides present in fungal membranes as well as cell walls, was recently shown to cause cell wall stress, activate the PKC CWI pathway, and influence the organization of the septin ring (21) . The kinase library from the work of Blankenship et al. (31) that we screened contains mutants in the Bck1 and Mkc1 kinases of the PKC CWI pathway, as well as kinases that are required for septin assembly (31) . None of these mutants were sensitive to NaD1 in our experiments. As shown in Table 2 , mkc1 mutants were hypersensitive to DmAMP1, a protein that is 50% identical to RsAFP2 and also requires interaction with sphingolipids for activity. In contrast, these mutants were not hypersensitive to NaD1, indicating that NaD1 acts on C. albicans cells by a mechanism distinct from that of RsAFP2 and DmAMP1.
The Hog1 MAPK pathway was the only stress-responsive pathway that we identified as being required for survival of C. albicans at lower concentrations of NaD1. Mutants in the genes encoding Hog1 and its upstream kinase Pbs2 were sensitive to NaD1, and we could show phosphorylation of Hog1 in response to NaD1 treatment. The Hog1 pathway is a central stress-responsive pathway in fungi (46) . In C. albicans specifically, this pathway is activated by a range of stresses, including osmotic and oxidative stress (41, 42) . Importantly for our study, the Hog1 pathway is also activated after exposure of C. albicans to the antimicrobial peptides histatin 5 and human beta-defensins (43, 47) . Furthermore, the Hog1 pathway is also the only stress-responsive pathway implicated in the resistance of C. albicans to histatin 5 and human beta-defensins (43, 47) . Interestingly, deletion of the PTC1 gene, which is a negative regulator of the Hog1 pathway through dephosphorylation of Hog1p kinase, causes hypersensitivity to the plant defensin HsAFP1 (23) . Therefore, increased Hog1 activity is detrimental to the fungus during exposure to HsAFP1. This report is in direct contrast to what has previously been reported for histatin 5, human beta-defensins, and now NaD1.
The factors that activate the Hog1 pathway in response to NaD1 are not known. Our observations that NaD1 induces ROS and that the antioxidant ascorbate can in part rescue the susceptibility of C. albicans to NaD1 are consistent with induction of oxidative stress. The Mkc1 kinase is phosphorylated when C. albicans is treated with hydrogen peroxide, and this event requires the presence of Hog1; however, unlike Hog1, Mkc1 is not required for growth in response to hydrogen peroxide-induced oxidative stress (39) . Similarly, only Hog1, and not Mkc1, is required for tolerance to treatment with NaD1. The transcription factor Cap1 is a key factor required for activation of oxidative stress response genes in C. albicans. Cap1 acts independently of Hog1 (41) . The transcription factor library that we screened contains a cap1 mutant, but this mutant was not sensitive to NaD1, arguing that the Cap1 pathway is not involved in survival upon NaD1 treatment. Vylkova et al. (43) have reported that histatin 5 induces glycerol production in C. albicans as well as activation of the Hog1-dependent osmotic stress response. Their model suggests that histatin 5 killing involves initial osmotic stress, followed by secondary oxidative stress. Pretreatment of C. albicans with sorbitol reduced the toxicity of histatin 5, indicating that osmotic stress is involved. Oxidative stress induced by H 2 O 2 did not affect histatin 5 activity. In contrast to results with histatin 5, NaD1 toxicity was not rescued by pretreatment with sorbitol ( Fig. 8) , but it was reduced by treatment with the antioxidant ascorbate at all NaD1 concentrations tested. Also, S. cerevisiae [rho 0 ] mutants with decreased mitochondrial function and decreased ROS production were more resistant to NaD1 treatment. Interestingly, despite showing resistance to NaD1 treatment at 4 M, [rho 0 ] mutants are still inhibited fully at higher concentrations (Fig. 5) . This could suggest that the action of NaD1 is biphasic and that the mechanism of action at higher concentrations involves additional adverse effects to which mitochondrial mutants are sensitive. Taken together, these data are consistent with oxidative stress, not osmotic stress, as the primary response of C. albicans cells to NaD1 treatment.
The observation that the human antimicrobial peptides histatin 5 and beta-defensins 2 and 3 activate the HOG pathway has led to the suggestion that modulation of this pathway might be a promising strategy for increasing the activity of antimicrobial peptides against pathogenic fungi (43, 47) . Our report now adds an antifungal plant defensin to the list of antimicrobial peptides for which inactivation of the HOG pathway might prove beneficial. In addition to being active against C. albicans, NaD1 displays potent activity against a number of agriculturally important fungal pathogens (29) . It will be important to explore whether the Hog1 pathway operates in response to NaD1 in these plant pathogens. Previous work with the plant defensins MsDef1, MtDef2, and RsAFP2 against the filamentous plant pathogen Fusarium graminearum showed that the Hog1 pathway was dispensable for protection and that the Ste11 MAPK pathway and the homolog of Mkc1 were involved in modulating susceptibility to these proteins (48) . These observations show that the stress-responsive pathways involved in protecting fungal pathogens differ depending on the nature of the antifungal peptides and the pathogens. The HOG pathway is certainly worth considering in the context of developing future antifungal therapies based on antimicrobial peptides, and future studies with a range of antimicrobial peptides and fungal pathogens should provide a comprehensive understanding of the protective mechanisms used by pathogenic fungi to defend themselves from antimicrobial peptides and provide the knowledge foundation for designing combinatorial therapy approaches.
